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Introduction
At present times, soil salinization has emerged as a global environmental problem that critically threatens the ecological environment and damages the limited soil resources (Metternicht and Zinck 2003) . Soil salinization often occurs in the zones with arid climate, strong evaporation, higher groundwater level, and salt content, or in the coastal areas that are affected by seawater erosion (Tajgardan et al. 2010; Wang et al. 2010; Ruhollah et al. 2016) . Climate, topography, geomorphology, underground water, halophytes, etc. , are some of the factors that affect soil salinization . Soil salinization not only affects agricultural stability and sustainable development, but also is not conducive to land construction activities. So, it is necessary to dynamically monitor and analyze the information of it. Generally, human activities (the usage of poor quality irrigation water, intense application of fertilizers, and unreasonable cultivation methods) and natural factors (climate change, frequent agricultural drought events) are the two main driving factors affecting soil salinization (Bouaziz et al. 2011; Allbed and Kumar 2013) . Therefore, scientific management and utilization of saline soil resources, improvement of land productivity, and enhancement of ecological protection, together, hold a considerable amount of significance to the environment .
Traditional soil salinization detection methods are suitable for field point observations or small-scale research works. However, it is difficult to dynamically obtain large-scale information about salinization. Since the 1960s, remote sensing technology has been widely used in the assessment of soil salinity due to its advantages such as high spatial-temporal resolution, fast data acquisition, large amount of information, low costs, and less restrictions by ground conditions ( Solvia et al. 2007; Wang et al. 2010; Fallah Shamsi et al. 2013; Gorji et al. 2017) . At present, there are two main methods to obtain salinization information based on remote sensing images, namely visual interpretation and automatic classification by considering auxiliary factors such as soil salinity and groundwater (Khan et al. 2005; Wu et al. 2006; Zeng et al. 2006; Alejandro and Kenji 2007; Allbed and Kumar 2013) . During the past years, scholars at home and abroad have conducted quantitative research works on soil salinization utilizing different surface indices derived from the remote sensing images (Wang et al. 2002; ; Zhang et al. 2011; Yahiaoui et al. 2015; Zhang et al. 2006) . The models of the feature space have been widely used in the detection of soil salinity, surface evapotranspiration, soil moisture, crop moisture content, desertification, and other information, and have obtained better results (Allbed and Kumar 2013) . However, most research works are just based on the single feature space or only consider the linear relationship among surface parameters, which has ignored the applicability of feature space models.
Based on the above concerns, after the complete consideration of the vegetation coverage and types, the authors have utilized five typical surface parameters to construct 10 feature space detection indices based on two categories of models and, then, proposed the optimal soil salinization monitoring model for the Yellow River Delta.
Study areas and methods

Study areas
The Yellow River Delta is located in the estuary area of the Yellow River in Dongying, Shandong province, China, and it covers more than 6000 km 2 ( Figure 1 ). The study area is dominated by the continental monsoon climate characterized by an average annual temperature of 12.1 C and a ! 10 C accumulated temperature of 4200 C (Liu et al. 2016 ). In addition, the average annual precipitation is 500-600 mm, most of which occurs in the summer. However, due to the significant characteristics of seasonal dry and wet alternating, evaporation is far greater than rainfall, thereby leading to severe soil salinization (Guo et al. 2019a ). The groundwater level is high and the degree of mineralization is 32.4 g/L. The salinized land accounts for more than 70% of the total area. Due to the low and flat terrains, the seawater erosion is critical for the environment. The groundwater table and soluble salt content are high, and the soil surface salt content is between 0.4% and 1.5% (Guo et al. 2019b ). The mechanical composition of the soil is mainly composed of silt or muddy silt with interbedded sand and clay. The vegetation types mainly consist of Salix matsudana, Fraxinus chinensis, Phragmites australis, Imperata cylindrical, and Aeluropus littoralis.
Data collection and preprocessing
The path/row of Landsat8 OLI images (26 August 2016) is 121/34. The image quality is high with the total cloud cover of greater than 10% and the spatial resolution is 30 m. In order to remove the geometric distortion and the influence of atmospheric interference on the image quality, geometric and atmospheric corrections were carried out on the images through geometric correction and FLAASH models, respectively. In this study, 32 sampling sites were set and for each sampling site, five soil samples were taken from the corners and the mid-point of a 30-m square and then were mixed into one sample. All the soil samples were first air dried, and then crushed passed through a 2-mm mesh. The large debris, plant roots, and stones were removed by hand. The salt content of all soil samples was analyzed using the suspensions of 1:5 soils: water ratio. Finally, the soil salt content was measured following the method of Bao (2000) .
Index selection of the remote sensing monitoring model
Surface albedo is the ratio of the solar radiation flux reflected from the land surface to the incoming solar radiation flux (Alejandro and Kenji 2007) . With the aggravation of soil salinization, the coverage of non-saline-resistant vegetation on the soil surface decreases along with the decrease in moisture. The salinity in the soil will precipitate out of the soil surface, and the soil surface will have the apparent changes that will affect the albedo of the surface (Guo et al. 2019a) . Vegetation index and surface reflectance, which can affect the vegetation growth and surface albedo, respectively, can be used as indirect indicators to measure the soil salinity (Gorji et al. 2017) .
Humidity index is the third component of Landsat8 OLI images after Hat Transformation, which can reflects the humidity of soil in the study region (Hu et al. 2019 ). The Yellow River Delta is located in the coastal area, and there is a significant difference in humidity between the coastal and inland areas (Guo et al. 2019b) . Salt in seawater is one of the primary sources of soil salinity. Soil humidity can be significantly affected by seawater, so there are higher chances for soil salinization to occur in the study area (Ha et al. 2009 ). Humidity index and salinity index determined by red reflectance and blue reflectance, respectively, can be used as important indices to monitor soil salinization (Khan et al. 2005) . The process of soil salinization will not only affect the growth and types of vegetation in the salinized area, but also affect the composition and change of chemical substances contained in the soil. Iron oxide is the present in soil, and it is a crucial factor that affects the hyperspectral characteristics of the soil. Many absorption characteristics of soil in the visible band are caused by iron oxides, and the presence of iron oxides will lead to a decrease of the reflectivity of soil in the whole band range (Peng et al. 2013) . Therefore, the iron oxide index of soil can be selected as an index to evaluate the degree of soil salinization.
The surface can be monitored by the imaging process of satellite remote sensing, in which the electromagnetic energy reflected by the target is used to obtain the information of soil salinization and also by combining the surface ecological environment of the Yellow River Delta and the relevant research works (Zeng et al. 2006; Ha et al. 2009; Guo et al. 2019b; Hu et al. 2019) . The five typical remote sensing monitoring indices are calculated as follows:
where B, G, R, NIR, SWIR 1 , and SWIR 2 refer to blue band, green band, red band, mid-infrared band, and near-infrared band, respectively.
Index standardization
In order to remove the difference of five typical surface parameters, the standardization of different indicators was conducted and calculated as follows:
where V i is the normalized index i; F i is the indicator i; F i,min is the minimum value of indicator i; and F i,max is the maximum value of humidity index .
Models derived from feature space
Two categories of model based on the trajectory of soil salinization in the feature space have been proposed, including point-to-point model and point to the line model. The point-to-point model was constructed based on the distance formula that any point to a specific point in feature space. Then, the point to line model was developed according to the distance formula that any point to a specific line in feature space.
Experimental results and analysis
Construction of feature spaces
In order to reduce the effects of water and impervious surfaces on the extraction of soil salinization information, the regions with rivers, lakes, and artificial building were removed to improve the inversion accuracy of feature space model for soil salinization. Then, 10 feature spaces were constructed by utilizing five indexes including surface albedo (Albedo), vegetation index (NDVI), salinity index (SI), humidity index (WI), and iron oxide index I Fe 2 O 3 : As shown in Figure 2 , the feature spaces derived from different surface parameters can be divided into two categories according to the shapes of the feature spaces and the spatial patterns of salinized soil at different levels in the feature space. The first category (point-to-point model) includes Figure 2 (a, b, e-i) and the second category (point-to-line model) includes Figure 2(c, d, j) . In this paper, Albedo-I Fe2O3 and Albedo-SI feature spaces were selected to analyze the spatial distribution characteristics of each kind of feature space model, respectively. Figure 3 shows that there are significant differences in the spatial distribution of soil salinization in the AlbedoÀI Fe 2 O 3 feature space. According to the distance to the point (0.8, 0), four-point clusters distributed in different regions in the study area were selected. The relationship between different levels of soil salinization and four-point clusters was obtained by analyzing 25 field measured samples of each point cluster. As shown in Figure 3 , the red point clusters were mainly distributed in the zone of non-soil salinization, while the blue, yellow, and pink point clusters were mostly concentrated in zones of mild, moderate, and severe salinization, respectively. Therefore, different levels of soil salinization (non-soil salinization (<1.0 g Â kg À1 , Figure 3(a) ), mild-soil salinization (1.0-2.0 g Â kg À1 , Figure 3(b) ), moderate soil salinization (2.0-4.0 g Â kg À1 , Figure 3(c) ), and severe soil salinization (4.0 g Â kg À1 , Figure 3(d) ) were distributed in the different zones of the AlbedoÀI Fe 2 O 3 feature space. Soil salinization can be well identified and distinguished, which is consistent with the results of field investigation. Figure 4 shows that there are also significant spatial distribution differences for different levels of soil salinization in the Albedo-SI feature space. The distance from any point in the feature space to the L-line that perpendicular to the soil line can be used to indicate the process of soil salinization. As we move further away from the L-line, the salinization will become more severe. According to the distance to the L-line, four-point groups distributed in different positions in the study area are also selected. In order to further study the relationship between different levels of soil salinization and four-point clusters, 25 field samples from each point cluster were analyzed. The results showed that different levels of soil salinization (non-salinization, mild salinization, moderate salinization, and severe salinization) were correspondingly distributed in different levels of the Albedo-SI feature space. Figure 5(a) shows that there is an obvious nonlinear relationship between Albedo and I Fe 2 O 3 , which is consistent with the trajectory of soil salinization in the feature space. The straight line perpendicular to the E-F line can better distinguish the different levels of soil salinization. The distance from any point in the feature space to D (0.8, 0) can be used to explain the degree of soil salinization, that is, as we move further away from point D, there will be more salt content in the soil and the degree of soil salinization will be more severe. According to the distance formula between the two points, the distance from C (any point in the AlbedoÀI Fe 2 O 3 feature space) to the point D can be obtained as follows: 
Construction of the remote sensing detection model of salinization
The remote sensing detection model (SDI 1 ) of soil salinization is established, and its expression is as follows:
There is also an obvious nonlinear relationship between Albedo and SI, which is similar to the trajectory (L0) of soil salinization in the feature space. As shown in Figure 6 , the distance from any point in the feature space to L can be used to explain the degree of soil salinization, that is, we move further away from the L-line, the degree of soil salinization will be more severe. In the Albedo-SI feature space, the distance L 2 from P to the straight line L can be obtained according to the distance formula between point and line which is as follows (Guo et al. 2019a) :
Then, a remote sensing monitoring model of soil salinization (SDI 2 ) was established, in which M was the slope of soil line and the expression is as follows:
Results and discussions
Based on the above two categories of model, 10 feature space salinization detection indices have been calculated. The spatial distributions of soil salinization information are shown in Figure 7 . The zones of soil salinization were mainly distributed in the northern Hekou district, eastern Kenli and Dongying district, which was consistent with the results of Liu et al. (2016) . In order to analyze and compare the inversion accuracies of the above 10 salinization detection indices, 32 field observation samples were used to calculate the correlation coefficients between the field observed value and inversed value, then to determine the optimal remote sensing monitoring model of soil salinization for the Yellow River Delta. The results (Table 1) showed that the inversion accuracy of the AlbedoÀI Fe 2 O 3 feature space detection index based on the point-to-point model was the highest with R 2 ¼0.86, while the inversion accuracy of the Albedo-NDVI feature space detection index based on the point-to-point model was the lowest with R 2 ¼0.72. The average inversion accuracy of feature space detection indices that comprised I Fe 2 O 3 was the largest with R 2 ¼ 0.81, followed by that of Albedo (R 2 ¼ 0.80) and SI (R 2 ¼ 0.80). However, the average inversion accuracy of feature space detection index that comprised NDVI was the smallest with R 2 ¼ 0.77, which was consistent with our previous studies (Guo et al. 2019a (Guo et al. , 2019b . NDVI is a better indicator of the vegetation grown and coverage, however, it is not sensitive enough to reflect the status of vegetation grown in the regions with low and high coverage of vegetation (Aldabaa et al. 2015; Cao et al. 2016; Bannari et al. 2018) . The reflectance of red band will be saturated, when the vegetation coverage reaches a certain degree. Moreover, the vegetation index is exaggerated in the low vegetation area, while vegetation index is compressed in the high vegetation area with the continuously increasing reflectance of near-infrared band (Yu et al. 2018; Guo et al. 2019b) . Additionally, there are many salt-tolerant plants, so that the NDVI is not smaller in some areas with more severe salinization in the Yellow River Delta (Weng et al. 2010; 2019a). Ferric oxide is a primary dyeing material in the soil that can greatly affect the spectral characteristics of the soil (Bai et al. 2018; Yu et al. 2018) . Many absorption characteristics of salinized soil in the visible light band are caused by iron oxides, and the presence of iron oxides will lead to a decrease in reflectivity of soil in the whole visible band range (Douaoui et al. 2006; Peng et al. 2013) . Additionally, the chemical weathering is also a primary cause of soil salinization, during which Fe 2 O 3 is formed by the reaction of oxygen present in the atmosphere with primary Fe 2þ minerals in the soil. Moreover, the mass percentage would increase with the aggravation of weathering (Hu et al. 2019) . With the aggravation of soil salinization, the coverage of non-saline-resistant vegetation and surface soil moisture would decrease. Then, the salinity in the soil will precipitate out of the soil surface, affecting the albedo of the surface (Ruhollah et al. 2016; Masoud et al. 2019) . Based on the above analysis, the surface parameter of I Fe 2 O 3 is a better index to indicate the salinization information and the AlbedoÀI Fe 2 O 3 feature space detection index based on the point-to-point model has the best applicability to monitor the salinization process in the Yellow River Delta.
Conclusion
After the complete consideration of the vegetation landscape of the Yellow River Delta, the authors utilized five typical surface parameters, such as Albedo, NDVI, SI, WI, and I Fe 2 O 3 , to construct 10 feature spaces and, then, established two categories of soil salinization detection model. The feature space model is an effective approach to monitor and distinguish the different levels of soil salinization in the Yellow River Delta with an average inversion accuracy of 0.794. In addition, I Fe 2 O 3 is a better surface parameter to indicate the salinization information and the AlbedoÀI Fe 2 O 3 feature space detection index based on the point-to-point model has the best applicability to monitor the salinization process in the Yellow River Delta. The research results further elucidated the mechanism and law of soil salinization and provided a scientific basis for the prevention and control of soil salinization. However, due to the involvement of complex mechanisms among different surface parameters in the natural environment, further research is needed to clarify the mechanism of soil salinization process and improve the inversion accuracy.
Disclosure statement
No potential conflict of interest was reported by the authors. 
Funding
